Abstract. Clinical breast cancer progresses via a multi-step carcinogenic process wherein genetic, molecular, endocrine and dietary factors play significant roles in the pathogenesis, prevention and therapy of the disease. Preclinical cell culture models, expressing clinically relevant genetic and endocrine defects and exhibiting quantifiable cancer risk, may provide facile, clinically translatable approaches to identify molecular targets and susceptible mechanistic pathways for the efficacy of novel interventional approaches. This review summarizes laboratory investigations focused on i) developing murine and human mammary tissue-derived cell culture models; ii) optimizing mechanism-based quantitative endpoint biomarker assays specific for carcinogenic risk and preventive/ therapeutic efficacy; and iii) providing quantifiable proof-ofprinciple evidence for validation of the present cell culture approaches, capable of prioritizing efficacious lead compounds for subsequent in vivo animal studies and clinical trials for the prevention/therapy of breast cancer. Epithelial cell culture models are developed and characterized where the carcinogenic process is initiated by the targeted expression of clinically relevant oncogenes. The cell culture systems from mouse mammary tissue are in vitro approaches that complement the Ras and Myc transgenic mouse models. The human mammary tissue-derived systems are in vitro models for chemoendocrine, therapy-resistant, clinical, pre-invasive ER -/PR -/HER-2 + comedo ductal carcinoma in situ, ER + /PR + chemoendocrine therapy-responsive breast cancer and ER -/PR -/HER-2 -triplenegative chemoendocrine, therapy-resistant breast cancer. The oncogene-initiated phenotypes exhibit loss of homeostatic growth control, downregulation of cell apoptosis and gain of carcinogenic risk in vitro, as well as transplantable tumor development in vivo. Numerous mechanistically distinct, synthetic pharmacological agents, as well as naturally occurring dietary compounds, re-establish homeostatic growth control via cell cycle arrest and/or induction of cell apoptosis, downregulate oncogene-mediated cell signaling pathways, modulate the expression of numerous cell cycle regulatory and apoptosisspecific proteins and reduce carcinogenic risk in pre-neoplastic and carcinoma-derived cell culture models. These data validate the present cell culture approaches as novel, mechanism-based screens to evaluate and prioritize promising lead compounds for the prevention/therapy of clinical breast cancer.
Introduction
Breast cancer remains a prevalent cause of mortality in the female US population. The American Cancer Society estimates a projected 230,480 new cases of invasive breast cancer, and 39,520 cancer-related mortalities in 2012 (1) . Genetic background, hormones and diet are major risk factors for the multi-step carcinogenic process of the disease (2) . A total of 75-80% of breast cancers are diagnosed as hormone responsive and exhibit acceptable response to endocrine-targeted therapy that utilizes selective estrogen receptor (ER) modulators, aromatase inhibitors or progesterone receptor (PR)-targeted anti-progestins with or without chemotherapy (3, 4) . By contrast, 7-15% of breast cancers do not express hormone and/or growth factor receptors (ER -/PR -/HER-2 + or ER -/PR -/HER-2 -), and therefore may exhibit only a modest response to conventional chemo-endocrine therapy. These cancer subtypes present a challenge to currently available treatment options (5-8).
Long-term conventional chemo-endocrine therapy is frequently
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associated with acquired tumor resistance and other adverse systemic toxicity, compromising patient compliance (3, 4, 6, 9) . The global gene expression profile-based molecular classification of clinical breast cancer facilitates better prediction of disease progression and chemotherapeutic response, thereby enhancing the sensitivity and specificity of targeted therapeutic intervention (5) (6) (7) (8) (9) . The chemo-endocrine therapy-resistant breast cancer, which expresses the HER-2 oncogene, is responsive to the HER-2-specific antibody and/ or small molecule inhibitors of HER-2 action. In addition, HER-2-specific therapy is noted to enhance the tumor response to conventional chemotherapy (10) (11) (12) (13) . Triple-negative breast cancer (TNBC) lacks the expression of the ER, PR and of the HER-2 oncogene. This cancer subtype exhibits an acceptable response only to conventional chemotherapy (5) (6) (7) (8) 14) . These intrinsic limitations of conventional chemo-endocrine therapy have resulted in numerous investigations in order to examine the efficacy of natural phytochemicals and herbal medicinal preparations. Unlike synthetic chemotherapeutic drugs, the naturally occurring compounds commonly exhibit favorable toxicity profiles and may effectively interact with conventional chemo-endocrine therapeutic agents to enhance their efficacy and reduce therapy-associated toxicity (15) (16) (17) (18) (19) .
As a complementary approach to conventional in vitro and in vivo preclinical cell culture models, considerable efforts have focused on developing reliable mammary epithelial cell culture models that express clinically relevant genetic defects and exhibit a quantifiable risk for carcinogenesis (20, 21) . Similar models derived from human mammary tissue are unique in providing a high potential for clinical translatability (8, 20, 21) . These experimental approaches complement genetically predisposed animal models and immune compromised xeno-transplant models and, thereby, facilitate a mechanism-based evaluation of the preventive/therapeutic efficacy of lead compounds and their prioritization for subsequent in vivo preclinical studies for future clinical trials.
The long-term overall objective of our research directions have focused on testing the hypotheses that i) oncogene initiated multi-step carcinogenesis is associated with the loss of homeostatic growth control and gain of carcinogenic risk; ii) mechanistically distinct chemo-preventive agents effectively reverse the early occurring events in the carcinogenic process via restoring the loss of homeostatic growth control and reducing the gain of carcinogenic risk; and iii) human mammary carcinoma-derived cell culture models that are characterized for the status of homeostatic growth control and whose tumorigenic potential provide mechanism-based approaches to identify susceptible molecular pathways and novel molecular targets for the therapeutic efficacy of new lead compounds. In an effort to accomplish the overall objectives, we developed novel mammary epithelial cell culture models for chemo-endocrine therapy responsive and resistant clinical breast cancer. These models have been characterized using several mechanistic end-point biomarker assays, and have been validated as short-term screening approaches for the efficacy of potential preventive/therapeutic lead compounds for clinical breast cancer.
The present review summarizes the data generated from previously published, as well as recently completed studies, provides an overview of the potential applications of the developed models and discusses future directions.
Cell culture models and mechanistic biomarkers
Stable transfection and resultant overexpression of clinically relevant Ras, Myc and HER-2 oncogenes in immortalized, but non-tumorigenic, mammary epithelial cell lines confers tumorigenic transformation in the target cells (20, 21) .
The data shown in Table I describe cell culture models developed from immortalized mouse mammary epithelial cells. The chemical carcinogen 7, 12-dimethylbenz (a) anthracene (DMBA), as well as Ras and Myc oncogenes, independently induce the multi-step carcinogenic process. These initiated cells exhibit anchorage-independent colony formation in vitro and tumorigenic potential upon in vivo transplantation. The primary tumors derived from the pre-neoplasically transformed cells exhibit a persistent expression of the biomarkers for carcinogenic risk (22) (23) (24) .
The data shown in Table II describe the developed models from human mammary tissue. The human mammary epithelial cell line developed from the mammary terminal duct-lobular unit (TDLU), exhibits the induction of a multi-step carcinogenic process in response to either chemical carcinogens, benzo(a)pyrene (BP) or DMBA, or to transfection with the HER-2 oncogene (20, 25) . These models exhibit the expression of end-point biomarkers. The human breast carcinoma-derived cell culture models for chemo-endocrine therapy-responsive and therapy-resistant clinical breast cancer also exhibit aberrant cell cycle progression and the upregulation of anchorage independent (AI) colony formation in vitro, and persistent tumorigenic potential in vivo. The mechanistic endpoint biomarker assays optimized for use in the cell culture models are shown in Table III . These biomarker assays are specific and sensitive for the status of cell cycle progression, cell apoptosis, carcinogenic risk and molecular targets for the efficacy of numerous prototypical chemo-preventive/therapeutic agents.
Status of biomarker expression in cell culture models
The data generated from a comparative study on parental, Ras-and Myc-transfected mouse mammary epithelial cells are shown in Table IV . Relative to the parental MMEC cells, the preneoplastically transformed MMEC-Ras cells exhibited a 31.7% decrease in population doubling time and a 4.1-fold increase in the S+G 2 /M: subG 0 ratio, indicating aberrant proliferation and a loss of homeostatic growth control. Furthermore, these transformed cells exhibited a 53.4-fold increase in the number of AI colonies in vitro and a high incidence of aggressive tumors upon in vivo transplantation. Similarly, the MMEC-Myc cells exhibited a 23.7% decrease, a 4.4-fold increase and a 55-fold increase in these biomarkers, and identical increases in the tumorigenic potential. These data are consistent with our previously published results (21, 23, 24) .
The data presented in Table V show a comparison of the status of biomarkers in the parental human mammary epithelial 184-B5 and the HER-2 oncogene-transfected 184-B5/ HER cells. Relative to the parental 184-B5 cells, the HER-2 oncogene-transformed 184-B5/HER cells exhibited a 55.9% decrease in the population doubling time, a 5.7-fold increase in the S+G 2 /M: subG 0 ratio, indicating aberrant proliferation and loss of homeostatic growth control. In addition, the oncogenetransfected cells also exhibited a 75.7% increase in the number of AI colonies and a high incidence of aggressive tumors at the transplant site. These data are consistent with our previously published results (20, 25) . Table VI shows the data generated from the comparative study on human mammary carcinoma-derived cell culture models. In comparison to the non-tumorigenic 184-B5 cells, the ER + /PR + /HER-2 -MCF-7 carcinoma cells exhibited a 52.9% decrease in the population doubling time and a 5-fold increase in the S+G 2 /M: subG 0 ratio. These cells also exhibited a 102-fold increase in the number of AI colonies and a high incidence of aggressive tumors at the transplant site. These data are consistent with our previous studies (25, 26) . Due to their specific hormone receptor and growth factor expression status, these cells represent a preclinical cell culture model for chemoendocrine therapy-responsive clinical breast cancer. The data (27) . Due to the lack of expression of hormone receptors and growth factors, these cells represent a model for triple-negative, chemo-endocrine therapy-resistant clinical breast cancer.
Response to chemo-preventive test compounds
The prototypic chemopreventive agents were selected as the test compounds based on the evidence for their efficacy in animal models for cancer, and the evidence for their use in the treatment of clinical breast cancer. The data generated from these experiments provide a proof-of-concept for validation of the models as rapid mechanism-based screens to evaluate the preventive/therapeutic efficacy of potential lead compounds.
The synthetic retinoid 4-(hydroxyphenyl) retinamide (4-HPR) has demonstrated efficacy for ER + and ER -clinical breast cancer (17, 19, 28) . The retinoids all-trans retinoic acid (ATRA) and 9-cic retinoic acid (9cis-RA) have already been in clinical use for head and neck cancer (17, 19, 29, 33) .
The selective ER modulator, tamoxifen (TAM), has been widely used as a preventive/therapeutic option for the treatment of ER + clinical breast cancer (3, 4, 17) . The terpenoids carnasol (CSOL), carnosic acid (CA) and ursolic acid (UA) are naturally occurring, bio-active components, functioning as potent COX-2 inhibitors (17, 32, 33) .
The non-fractionated extracts from orange peel (OPE), rosemary (RME) and green tea (GTE) contain mixtures of bio-active flavonoids, terpenoids and polyphenols, respectively, that are known to operate via distinct mechanisms (15, 17, 19) .
The non-fractionated aqueous extracts from select herbal medicinal preparations were selected for use due to their wide use in complementary and alternative medicine for the treatment of breast cancer (17, (34) (35) (36) (37) (38) .
The dose-response experiments with the synthetic retinoid 4-HPR and the selective ER modulator TAM in the MMEC-Ras and MMEC-Myc cell lines demonstrated that the IC 50 concentrations for 4-HPR ranged from 2.5 to 2.8 µM and that for TAM these ranged from 4.7 to 6.2 µM. These concentrations in the parental MMEC cells exhibited only 14-18% growth inhibition, indicating a greater sensitivity of these compounds towards the pre-neoplastically transformed cells (21) .
In the 184-B5/HER model for comedo ductal carcinoma in situ (DCIS) the dose-response experiments were conducted with the retinoids 4-HPR, ATRA and 9-cis RA. These agents exhibited an IC 50 concentration range of 0.2-2.0 µM. The experiments with the terpenoids CSOL, CA and UA exhibited a concentration range of 6.2-11.2 µM, whereas those with the polyphenol epigallo catechin gallate (EGCG), and flavonoids genistein (GEN) and resveratrol (RES), exhibited an IC 50 concentration range of 3.0-8.0 µM. These concentrations of retinoids, terpenoids and flavonoids exhibited only 2-20% inhibition of growth in the parental, non-tumorigenic 184-B5 cells (20, (28) (29) (30) (31) (32) (33) .
In the MDA-MB-231 model for TNBC the dose-response experiments were conducted for non-fractionated extracts OPE, RME and GTE. The IC 50 concentrations for these extracts were determined to be 12.5, 4.7 and 9.5 µg/ml, respectively. These compounds exhibited only 8-20% growth inhibition in the parental, non-tumorigenic 184-B5 cells. Table IV . Aberrant proliferation and carcinogenic risk in oncogene-transfected mouse mammary epithelial cells. In the MCF-7 model for hormone responsive breast cancer, non-fractionated aqueous extracts from several herbal medicinal products were evaluated for their growth inhibitory effects. The test compounds included extracts from Lycium babrabrum bark (LBB), Lyceum babbarum fruit (LBF), Tababuia avellnede (Taheebo, TAH) and Cornus officinalis (CO). The rank order for the efficacy of growth inhibition was determined as LBB<CO<TAH<LBF (34-38).
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Mechanisms for the efficacy of chemo-preventive test compounds
In the mouse mammary cell culture models for oncogene-initiated mammary carcinogenesis, the synthetic retinoid, 4-HPR, and the selective ER modulator, TAM, induced cell cycle arrest by increasing the G 1 : S+G 2 /M ratio and inducing cell apoptosis. These effects were evident at the pharmacologically achievable concentrations of the test compounds. At the low-dose combinations these agents exhibited synergistic interactions that modulated the two biomarkers. In addition, the combination exhibited a greater efficacy to inhibit AI colony formation (21) . These synergistic effects may, in part, be due to distinct mechanisms of action of 4-HPR and TAM.
In the experiments with the human tissue-derived cell culture model for comedo DCIS, the 184-B5/HER (ER -/PR -/ HER-2 + ) cells were treated with select retinoids (4-HPR, ATRA and 9-cis RA), terpenoids (CSOL, CA and UA) and flavanoids (EGCG, RES and GEN). The data generated from these experiments demonstrated that all of the test compounds, at their respective pharmacologically achievable concentrations, inhibited cell cycle progression, induced cell apoptosis and reduced the number of AI colonies. At the mechanistic level, these compounds inhibited HER-2 signaling, increased the expression of anti-apoptotic BCl-2, decreased the expression of pro-apoptotic BAX and decreased the transcriptional activity of COX-2 (20, (28) (29) (30) (31) (32) (33) . In addition, the retinoids inhibited cyclin D1 expression and increased the expression of RAR-β (29) .
In the experiments with the human carcinoma-derived cell culture model for triple-negative breast cancer, MDA-MB-231
) cells were treated with non-fractionated extracts prepared from OPE, RME and GTE. These extracts, at their respective maximum cytostatic concentrations, inhibited cell cycle progression by inducing G 1 arrest, promoting cell apoptosis and reducing the number of AI colonies. The non-fractionated extracts are likely to contain specific, bio-active compounds, such as perillyl alcohol and limonene in OPE, CSOL, CA, UA in RME and EGCG in GTE. These individual bio-active compounds have demonstrated preventive/therapeutic efficacy in numerous preclinical models for breast cancer. Thus, the efficacy of OPE, RME and GTE in MDA-MB-231 cells may, in part, be due to the presence of specific bio-active components of the non-fractionated extracts (32, 33) .
In the experiments using the human carcinoma-derived model for chemo-endocrine therapy-responsive breast cancer, MCF-7 (ER + /PR + / HER-2 -) cells were treated with non-fractionated aqueous extracts prepared from numerous herbal medicinal products that are in use for breast cancer in complementary and alternative medicine. The extract prepared from LBF (at its maximum cytostatic concentration) reduces the number of AI colonies. At the mechanistic level, LBF treatment modulates the cellular metabolism of 17β-estradiol (E 2 ) to increase the formation of the anti-proliferative metabolite 2-OHE 1 and to accelerate the conversion of the pro-mitogenic 16α-OHE 1 to mitogenically inert E 3 (34) . The extract prepared from LBB inhibits AI colony formation, predominantly due to the increased production of 2-OHE 1 (35) . The extract prepared from the bark of Tabebuia avellende inhibits cell cycle progression, induces cell apoptosis and modulates the global gene expression profiles of genes specific for cell cycle regulation, cell apoptosis, ER and the xeno-biotic metabolism (36) . The extract prepared from the fruit of Fructus cornii, also known as Cornus officinalis, exhibits growth inhibitory effects in MCF-7 cells, predominantly via modulation of the cell metabolism of E 2 (37, 38) . Overall, the data generated from the studies on MCF-7 cells provide proof-of-principle evidence for the therapeutic efficacy of herbal medicinal products. However, specific bio-active components, susceptible biochemical pathways and molecular targets for the efficacy of herbal medicinal products remain to be identified. 
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Conclusions and future directions
Conventional animal models for breast cancer include chemical carcinogen-induced mammary cancer model and genetically predisposed models, where the targeted expression of selected oncogenes drive the carcinogenic process. Consistent with these models, the mouse mammary epithelial cell culture models exhibited induction of the multi-step carcinogenic process in response to treatment with the chemical carcinogen DMBA and also in response to the targeted overexpression of Ras and Myc oncogenes (20) (21) (22) (23) (24) (25) . In 184-B5 cells, DMBA and BP, and in 184-B5/HER cells, targeted overexpression of the HER-2 oncogene induced carcinogenic transformation (20, 25) . In all these preclinical cell culture models the multi-step process of carcinogenic transformation is associated with a loss of homeostatic growth control and gain of carcinogenic risk, as evidenced by aberrant proliferation, accelerated cell cycle progression, downregulation of cell apoptosis, enhancement of AI in vitro and tumor development upon in vivo transplantation (20) (21) (22) (23) (24) (25) . Thus, these models provide valuable mechanism-based approaches, complementing the existing in vivo models of transgenic mice and of athymic mice xeno-transplanted with human mammary carcinoma-derived cells, respectively. The investigations conducted to validate the developed models as rapid mechanistic approaches and to evaluate the efficacy of preventive/therapeutic lead compounds utilized prototypical pharmacological agents as test compounds. Selective ER modulator TAM, as well as the retinoids 4-HPR, ATRA and 9cis-RA, are already in clinical use for the cancer of various organ sites and function via distinct mechanisms. These test compounds modulated aberrant cell cycle progression and induced cell apoptosis, thereby re-establishing homeostatic growth control, and decreasing the number of AI colonies, thus reducing the carcinogenic risk (21, 28, 29) . Comparative studies with non-tumorigenic MMEC and 184-B5, and pre-neoplastic MMEC-Ras, MMEC-Myc and 184-B5/HER cells revealed a greater sensitivity of pre-neoplastic cells to the test compounds. These observations validate an approach to evaluate the sensitivity and specificity of efficacious lead compounds.
Long-term use of conventional chemotherapeutic drugs is frequently associated with acquired tumor resistance and/ or adverse systemic toxicity, leading to compromised patient compliance (3, 4) . Bio-active components, present in natural phytochemicals, generally exhibit acceptable toxicity profiles. Mechanistic interaction of natural phytochemicals with conventional chemotherapeutic agents may lead to enhanced efficacy and reduced therapy-associated toxicity (15, (17) (18) (19) . This concept represents a testable alternative.
The studies on human mammary carcinoma-derived models utilized numerous non-fractionated extracts from naturally occurring compounds and herbal medicinal preparations. These test compounds, operating via distinct mechanisms, exhibited anti-proliferative and/or pro-apoptotic effects (35) (36) (37) (38) .
Investigations focusing on cancer-initiating stem cells have provided convincing evidence to support the concept that this sub-population may largely be responsible for acquired tumor resistance to chemotherapy and the resultant ineffectiveness of conventional treatment options (39) . The isolation and characterization of putative cancer-initiating stem cells provides a novel approach to identify efficacious agents for the targeted therapy of chemo-endocrine therapy-responsive and -resistant clinical breast cancer (40, 41) .
Numerous recent publications have identified putative cancer stem cell phenotypes by quantifying the expression of CD44/CD24, ALDH-1 and ABCG2 cellular proteins, and NANOG, OCT-4, SOX-2 and c-Myc nuclear transcription factors. Modulations in the expression of these molecules may, in part, be responsible for the observed properties of self-renewal, chemotherapeutic drug resistance and accelerated tumorigenic potential that represent specific characteristics of cancer-initiating stem cell populations (42) (43) (44) (45) (46) (47) .
Aberrant proliferation, downregulated cell apoptosis and specific response to chemo-therapeutic agents in the cell culture model for comedo DCIS have provided conceptual and mechanistic leads supporting the presence of putative cancer-initiating stem cells in this model. Our recent studies on the ER -/PR -/HER-2 + 184-B5/HER model for comedo DCIS have demonstrated that retinoid-resistant phenotypes may be isolated from the parental cells that survive a high-dose treatment of 4-HPR and ATRA. These drug-resistant phenotypes exhibit persistent hyper-proliferation in the presence of 4-HPR and ATRA and exhibit enhanced AI growth (48) . Current studies are focused on the extensive mechanism-based molecular characterization of retinoid-resistant cancer-initiating stem cells, using previously documented relevant cell proteins, nuclear transcriptional factors and quantifiable carcinogenic risk as end-point biomarkers. The data generated following these experimental strategies are expected to establish the utility of cancer-initiating stem cell-derived models for stem cell-targeted therapeutic approaches for clinical breast cancer.
